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(57) ABSTRACT

Provided 1s a method of incremental SSTA (statistical static
timing analysis) of a digital circuit, the method including a
first step 1n which, when a gate 1s replaced in the digital
circuit, delay propagation 1s performed from a node of a
replaced gate to a virtual sink node based on SSTA; a second
step 1n which, 1f a changed value of a gate timing yield at each
gate which propagates delay toward the virtual sink node 1s
smaller than a predetermined threshold value, delay propa-
gation with respect to a fanout gate of the corresponding gate
1s stopped; and a third step 1n which, when a delay with
respect to the node of the replaced gate 1s propagated to the
virtual sink node, a new timing vield 1s calculated at the
virtual sink node.

2 Claims, 4 Drawing Sheets

204

205

203



U.S. Patent Oct. 25, 2011 Sheet 1 of 4 US 8,046,725 B2

FIG. 1

FIG. 2




U.S. Patent Oct. 25, 2011 Sheet 2 of 4 US 8,046,725 B2

FIG. 3

204

200

203

202



U.S. Patent Oct. 25, 2011 Sheet 3 of 4 US 8,046,725 B2

FIG. 4
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METHOD OF INCREMENTAL STATISTICAL
STATIC TIMING ANALYSIS BASED ON
TIMING YIELD

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims the benefit of Korean Patent Appli-
cation No. 10-2009-0046079, filed on May 26, 2009, 1n the
Korean Intellectual Property Office, the disclosure of which 1s
incorporated herein 1n its entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of incremental
statistical static timing analysis (SSTA) of a very-large-scale-
integration (VLSI) circuit, and more particularly, to a method
of incremental SSTA based on a probability statistics method,
for effective timing analysis through incremental analysis 1n
the case of optimizing a timing vield and for predicting a
timing yield more accurately.

2. Description of the Related Art

In the fabrication of very-large-scale-integration (VLSI)
circuits, variations in chip performance become more signifi-
cant due to vanations 1 the manufacturing process, which
increase as fabrication techniques become more intricate, and
thus a loss 1n chip yield becomes a serious problem. To
resolve this problem, 1t 1s necessary not only to improve
fabrication techniques, but also to analyze effects of varia-
tions 1n the manufacturing process with respect to chip per-
formance and consider the effects when a chip 1s being
designed.

As a major analyzing method to analyze eflects of varia-
tions in the manufacturing process with respect to chip per-
formance, statistical static timing analysis (SSTA) has been
suggested. According to the SSTA, timings of a chip are
indicated as a probability distribution, and a timing yield,
which 1s a probabaility that a chip satisfies given timing con-
straints, 1s predicted based on the distribution of probabilities.

Analysis of a circuit 1s repeatedly performed when the
circuit 1s designed and when the circuit 1s optimized. Thus, 1t
1s not etlicient to repeat such analysis every time when one or
more subtle changes occur 1n a circuit. A method of incre-
mental analysis, which 1s suggested as a method for efficient
design and optimization of a circuit, 1s a method that updates
results corresponding to only changed portions of a circuit
based on previous analysis results when there are subtle
changes 1n the circuit.

Regarding SSTA, a method of tightness probability based
incremental analysis (TBIA) using tightness probability,
which 1s a probability that a particular probability variable 1s
greater than other probability variables, 1s suggested 1n Ret-

erence 1.

[Reference 1] C. Visweswariah, K. Ravindran, K. Kalafala, S.
G. Walker, S. Narayan, D. K. Beece, J. Piaget, N. Ven-
kateswaran, and J. G. Hemmett, “First-order incremental
block-based statistical timing analysis,” IEEE Transac-
tions on Computer-Aided Design of Integrated Circuits
and Systems, vol. 25,n0. 10, pp. 2170-2180, October 2006.
FIG.11sadiagram showing a digital circuit having gates to

describe timing analysis, and FIG. 2 1s a timing graph with

respect to the circuit of FIG. 1.

Timing analysis of a circuit 1s performed using a timing,
graph, and primary inputs and primary outputs of the circuit
are connected to one virtual source node 100 and one virtual
sink node 110, respectively. Thus, the virtual source node 100
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2

1s the starting point of all circuit signals, whereas the virtual
sink node 110 1s the destination point of all circuit signals.

Furthermore, mput pins and output pins of the gates are
replaced with nodes that correspond to each respective pin.
Signal paths from the input pins to the output pins of the gates
are connected by edges, and a weight of an edge indicates a
delay of a corresponding path. Interconnection between the
gates and delays of the interconnection are also replaced with
an edge and an edge weight. Numbers 1 through 10 of the
input pins and output pins 1n FIG. 1 correspond to nodes 1
through 10 1n FIG. 2, and primary mputs and primary outputs
are connected to a virtual source node and a virtual sink node,
respectively.

According to static timing analysis, an arrival time at each
node 1s determined by the maximum value of arrival times of
all fanin edges 1n MAX operation. Here, the arrival time 1s a
time period for transmitting a signal from a virtual source
node to a node, and an arrival time of an edge can be calcu-
lated by adding a delay of the edge to an arrival time of an
input node 1n ADD operation. The arrival time of a node 1s
transmitted to a next node via an output edge, wherein the
transmission process 1s referred as delay propagation.

A required arrival time of a node 1s a latest arrival time of
the node to avoid timing failure, and can be calculated by
performing delay propagation backward, that 1s, from a vir-
tual sink node to a virtual source node, according to timing
constraints of a circuit.

According to deterministic static timing analysis, when a
gate 1s replaced, delay 1s propagated from the replaced gate to
a sink node. In a timing graph, arrival time 1s updated from an
edge having a changed edge delay with respect to fanout
nodes. Here, even i delays of a part of fanin edges at an
arbitrary node 1s changed, if arrival time of the node 1s not
changed when maximum value the delays 1s computed,
updating arrival times with respect to fanouts of the node may
be omitted.

According to statistical static timing analysis, a change 1n
an arrtval time of an arbitrary node affects arrival times of all
fanout nodes. Thus, for errorless performance of incremental
analysis, 1t 1s necessary to update arrival times of all fanout
gates ol a replaced gate. However, 1t 1s very 1nelfficient to
update a large number of arrival times 1n this case. Thus, for
cificient analysis, if a change of arrival time at the arbitrary
node 1s not significant, delay propagation to fanout gates may
be partially omitted regardless of the occurrence of some
CITors.

According to tightness probability based incremental
analysis, when a tightness probability of a changed nput
delay of a gate 1s less than a particular threshold value before
and after gate replacement, delay propagation from the cor-
responding gate 1s stopped, so that efficiency with respect to
delay propagation 1s improved. However, since a timing yield
1s not directly considered, the timing yield cannot be accu-
rately predicted.

SUMMARY OF THE INVENTION

The present invention provides a method of incremental
statistical static timing analysis (SSTA), which defines a tim-
ing yield at each gate to consider a timing yield 1n incremental
statistical static timing analysis (SSTA) and determines
whether to propagate a delay or not based on a value of a
timing yield of a gate changed due to gate replacement, based
on a statistics method considering the timing yield for highly
accurate timing yield optimization.

According to an aspect of the present invention, there 1s
provided a method of incremental SSTA (statistical static
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timing analysis) of a digital circuit, the method including a
first step 1 which, when a gate 1s replaced 1n the digital
circuit, delay propagation 1s performed from a node of a
replaced gate to a virtual sink node based on SSTA; a second
step n which, if a changed value of a gate timing yield at each
gate which propagates delay toward the virtual sink node 1s
smaller than a predetermined threshold value, delay propa-
gation with respect to a fanout gate of the corresponding gate
1s stopped; and a third step 1n which, when a delay with
respect to the node of the replaced gate 1s propagated to the
virtual sink node, a new timing vield 1s calculated at the
virtual sink node.

Furthermore, the timing yield of a gate 1s calculated
according to an equation

Gate Timing Yield = &~

o)

where @ indicates a cumulative distribution function of a
standard normal distribution, and . and o, indicate a mean
deviation and a standard deviation of timing slack at an arbi-
trary gate 1.

Furthermore, the predetermined threshold value i1s set
based on an allowable maximum error value of a timing yield

in the digital circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will become more apparent by describing in detail
exemplary embodiments thereolf with reference to the
attached drawings 1n which:

FIG. 1 1s a diagram showing a digital circuit formed of
gates to describe timing analysis;

FIG. 2 1s a timing graph with respect to the circuit of
FIG. 1

FIG. 3 1s a timing graph for describing a method of statis-
tical static timing analysis (SSTA) applied to the present
invention;

FI1G. 4 1s a graph showing errors and efliciency of a timing
yield of a circuit with respect to a circuit C432 from among,
the ISCAS 85 benchmark circuits, according to experimental
results from a method of incremental analysis based on tight-
ness probability and a method of analysis according to the
present invention;

FI1G. 5 1s a graph showing sum and efficiency of errors of a
timing yield of a gate with respect to a circuit C432 from
among the ISCAS 85 benchmark circuits, according to
experimental results from the method of incremental analysis
based on tightness probability and the method of analysis
according to the present invention; and

FI1G. 6 15 a graph showing experimental results with respect
to a plurality of the ISCAS 85 benchmark circuits, according
to experimental results from the method of incremental
analysis based on tightness probability and the method of
analysis according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention will now be described more fully
with reference to the accompanying drawings, in which
exemplary embodiments of the invention are shown.

For efficient timing yield optimization when gate replace-
ment occurs, a method of incremental statistical static timing,
analysis (SSTA) 1s required.
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First, an SSTA applied to the present mvention will be
described below.

FIG. 3 1s a timing graph for describing a method of SSTA
applied to the present invention.

Each of nodes 200 through 205 corresponds to each of
arrival times A through E that are time variables at a corre-

sponding node. In FIG. 3, it 1s assumed that the node 205 1s a
virtual sink node.

In a first-order block-based SSTA, delays 1n a circuit are
indicated 1n normal first-order form having a normal distri-
bution as shown 1n Equation 1.

n |Equation 1]
o + Z {; -ﬁX,_' + dyt -QRH

i=1

Here, a, indicates the mean arrival time obtained from
mean values of process parameters, AX, (1=1, 2, . . . , n)
indicates a variation of the global parameter X, (1=1, 2, . .., n),
and a, (1=1, 2, . . ., n) indicates delay sensitivity of AX,. AR
indicates a variation from the mean value of the independent
random variable R _, and a,_ ; indicates delay sensitivity with
respectto AR . Atthis point, AX (1=1,2,...,n)and AR _have
standard normal distributions.

Delays of each of nodes and each of edges in a digital
circuit having the structure definition shown in Equation 1
propagate from a virtual source node to a virtual sink node by
using an ADD operation and a MAX operation that are
defined 1n block-based SSTA.

The ADD operation and the MAX operation can be
expressed as shown 1n Equation 2 using the arrival times A, B,
and C at the nodes 200, 202, and 204, respectively.

n |Equation 2]
A :{104—[ a;-AX; | +a,.1-AR,

i=1
B:bg-l-[ b;-AX; |+ b,.1 -AR,

=1
C=CU+[ Cj-ﬁXj +Cn+1-ﬁRﬂ

i=1

The ADD operation performed on two random variables
having standard normal distributions generates another ran-
dom varniable having a standard normal distribution. If the
arrival time C 1s generated by performing the ADD operation
on the arrval times A and B, C=ADD(A, B) as shown 1n
Equation 3.

c,=a~+b,i=0,1,...,n

Cn+l:vﬂn+ li-l-‘brwlj [ECLUHtiDIl 3]

Variances of the arrival times A and B shown 1n Equation 2,
which are 0 ,” and 0,,°, can be obtained according to Equation

4 below.

n+l

n+l
2 2 2 2
oh=) @05 =) b
i=1 i=1

|Equation 4]

Furthermore, a correlation coelficient between the arrival
times A and B can be expressed as shown 1n Equation S below.
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n |Equation 3]

Z a;b;

1=1

p:
radpg

For the MAX operation to be performed on the arrival
times A and B, that 1s, calculation of MAX(A, B), calculations
of T, and T,, which are tightness probabilities of the arrival
times A and B, should be performed 1in advance. T , indicates
a probability that the arrival time A 1s later than the arrival
time B, whereas T ; indicates a value obtained by subtracting,
T, from 1. The probability T , can be calculated as shown 1n
Equation 6.

|Equation 6]

where,

px) =

L)

Y
O(y) = f px)dx

1
6= (0% +0p — 200 40p)2

The mean valuen_and distribution o,, .~ of two random
variables having normal distributions can be expressed as
shown 1in Equations 7 and 8 below.

|Equation 7]

ﬂ{]—bﬂ]

Hmax = agls + bDTB + 9¢( 0

O = (05 + @4 + (0 + b)T + [Equation 8]

ﬂﬂ—bﬂ] 5

('ﬂﬂ + bg)@d{ 0 — Mmax

A result of the MAX operation performed on two random
variables having normal distributions 1s not a perfectly nor-
mal distribution. However, a result of the MAX operation 1s
approximated via moment matching like as normal distribu-
tion for delay propagation mm a timing graph diagram.

C=MAX(A, B) 1s as shown 1n Equation 9 below.

Co = tmas [Equation 9]
¢; =a; T4+ b;Tp,
Cntl = Jﬂ-rznax - Z C;
=1
i=1,2,. 71

As shown 1n Equation 9, the mean value of MAX(A, B) 1s
maintained even 1f a result of MAX(A, B) 1s converted into a
normal form. Then, a random variable C, (1=1, 2, . . ., n) 1s
obtained based on a ratio of tightness probabilities of a, to b..
Finally, the delay sensitivity C, _ , of an independent random
variable can be obtained by matching a varniance obtained
from the normal first-order form to a variance obtained
according to Equation 8.
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For accurate incremental SSTA, timing information of all
fanout gates from a replaced gate to a virtual sink node 1s
updated. A method of imncremental SSTA according to the
present invention compares a variation in timing yield with
respect to a gate to a threshold value, and stops delay propa-
gation with respect to an unnecessary path within an allow-
ance error, for improved efliciency. Here, the timing yield 1s a
probability that timing slack 1s greater than O. In this regard,
timing yield of a circuit 1s a probabaility that timing slack of a
virtual sink node 1s greater than O 1n a timing graph. Timing
slack 1s a margin of delay at a node, defined as the difference
between a required arrival time of the node and an arrival time

of the node, wherein the required arrival time of the node 1s a
latest arrival time of the node to avoid timing failure. The
required arrival time of a node can be calculated by perform-
ing backward delay propagation 1n a direction opposite to a
direction of delay propagation according to timing con-
straints of a circuit and subtracting delays contrary to delay
propagation. The timing yield of a gate, which 1s to be com-

pared with a threshold value, 1s defined as shown 1n Equation
10.

Gate Timing Yield = @(E) [Equation 10]

.

Here, ® indicates a cumulative distribution function of a
standard normal distribution, and p, and o, indicate a mean
deviation and a standard deviation of timing slack ata random
gate 1. Thus, the timing yield of a gate indicates a probability
that timing slack of the gate 1s greater than 0. The timing yield
of a gate 1s a probability that timing slacks of fanin gates are
all greater than O, and 1s a function of the timing yields of the
famin gates. Therefore, if a change 1n timing yield of a gate 1n
which a change occurred 1s small, effects of the change of the
timing yield of the gate on the timing yield of a fanout gate
and timing yield of a circuit are very small. In this case, delay
propagation with respect to a fanout gate may be omitted.

In the method of analysis according to the present inven-
tion, when a gate 1s replaced, a changed delay 1s propagated
from the replaced gate to all fanout gates, and timing infor-
mation with respect to each gate propagating delay 1s
updated. At this point, 11 a changed value of the timing yield
of a gate 1s smaller than a predetermined threshold value,
delay propagation with respect to the fanout gate of the cor-
responding gate 1s stopped. A threshold value may be the
maximum error value of the timing yield a user set with
respect to a general digital circuit.

ISCAS 85 benchmark circuits are used to evaluate usetul-
ness and etficiency of the method of the present invention. A
cell library for mapping the benchmark circuits 1s set based on
65 nm process model of a predictive technology model
(PTM) and in consideration of variations of process param-
eters such as channel length of a transistor, oxide thickness,
and threshold voltage. It 1s assumed that each of the consid-
ered process parameters has a normal distribution. Efficiency
and accuracy ol omitting a path for delay propagation are
compared by performing random gate replacement 100,000
times with respect to each of the ISCAS 85 benchmark cir-
cuits. A method used for the comparison 1s conventional
tightness probability based incremental analysis, and a
method of updating timing information with respect to all
fanout gates to evaluate errors. The efficiency of comparing a
method of analysis according to the present invention and a
conventional method of analysis 1s defined as shown 1n Equa-
tion 11.
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Ng — N

NE

|Equation 11]

Efficiency =

Here, N indicates a number of updating all fanout gates
according to a method of accurately updating the fanout
gates, and N 1ndicates the number of updates with respect to
fanout gates i1n each incremental timing vyield analysis
method. Thus, efliciency increases as a value for efficiency 1s
closerto 1. For accuracy of the comparison, absolute values of
relative errors are used as errors. Since not only the accuracy
of the timing yield of a circuit, but also the accuracy of timing
information at each gate are important for timing yield opti-
mization, a sum of timing yields of all gates and a timing vield
error of a circuit are used together to measure a timing yield
error of a gate.

In the drawings described below, TBIA 1ndicates experi-
mental results of conventional incremental analysis based on
tightness probability, whereas TYIA indicates experimental
results of a method of analysis according to the present inven-
tion.

FI1G. 4 1s a graph showing errors and efliciency of a timing,
yield of a circuit with respect to a circuit C432 from among,
the ISCAS 85 benchmark circuits, according to experimental
results from the method of incremental analysis based on
tightness probability and the method of analysis according to
the present invention.

FIG. 5 1s a graph showing sum and efficiency of errors of a
timing vield of a gate with respect to a circuit C432 from
among the ISCAS 85 benchmark circuits, according to
experimental results from the method of incremental analysis
based on tightness probability and the method of analysis
according to the present invention.

As shown in FIGS. 4 and 5, when elficiencies are equal to
or greater than 0.5, 1t 1s clear that the method according to the
present invention exhibits fewer errors.

FI1G. 6 15 a graph showing experimental results with respect
to a plurality of the ISCAS 85 benchmark circuits, according,
to experimental results from the method of incremental
analysis based on tightness probability and the method of
analysis according to the present invention, indicating eifi-
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ciencies when a sum of timing yields of gates is 107°. As
shown 1n FIG. 6, the method according to the present inven-
tion exhibits better efliciency.

As compared to conventional tightness probability based
incremental SSTA, a timing yield can be predicted more
accurately at a same elfficiency according to the method of
incremental SSTA, based on the probability statistics method
considering the timing vield, according to the present inven-
tion.

What 1s claimed 1s:

1. A method of incremental SSTA (statistical static timing

analysis) of a digital circuit, the method comprising:

a first step 1n which, when a gate 1s replaced 1n the digital
circuit, delay propagation 1s performed from a node of a
replaced gate to a virtual sink node based on SSTA by
using a computer;

a second step in which, when a changed value of a gate
timing yield at each gate which propagates delay toward
the virtual sink node i1s smaller than a predetermined
threshold value, delay propagation with respect to a
fanout gate of the corresponding gate 1s stopped;

a third step 1n which, when a delay with respect to the node
of the replaced gate i1s propagated to the virtual sink
node, a new timing yield 1s calculated at the virtual sink
node; and

wherein the timing yield of a gate 1s calculated according to
an equation

Gate Timing Yield = @(E)ﬂ

g

wherein ® indicates a cumulative distribution function of a
standard normal distribution, and p, and o, indicate a mean
deviation and a standard deviation of timing slack at an arbi-
trary gate 1.

2. The method of claim 1, wherein the predetermined
threshold value 1s set based on an allowable maximum error
value of a timing yield in the digital circuat.
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